Introduction {#S0001}
============

Globally, breast cancer is the leading cause of cancer-related deaths in women.[@CIT0001] Although surgery at an early stage has been reported to prolong the survival of the patients, the recurrence and metastasis pose critical challenges to the treatment of breast cancer.[@CIT0002] Common metastasis organs of breast cancer include brain, liver, lung, bone, and skin.[@CIT0003],[@CIT0004] Metastasis, a process occasioned by tumor cells detaching from the original tumor tissue and entering the metastatic site, is a complex process. The disseminated tumor cells may undergo four fates: death, cellular dormancy, dormant micrometastasis, or invasive growth.[@CIT0005],[@CIT0006] Over the past decades, strategies targeting breast cancer have focused on every stage and subpopulation. For instance, chemotherapy kills the rapidly growing tumor cells, while blocking agents of oestrogen receptor (ER^+^) and human epidermal growth factor receptor-2 (HER2^+^) benefit the patients with ER^+^ and HER2^+^ breast tumor.[@CIT0007],[@CIT0008] In recent years, immunotherapy has also been used for the treatment of advanced stages of breast cancer with metastasis.[@CIT0009] However, the prognosis of metastatic breast cancer still remains poor. Thus, it is important to investigate the mechanisms of metastasis in breast cancer.

Recent advancement in RNA detection technology such as RNA sequencing and microarray, has facilitated the understanding of the biological and genomic alterations involved in the formation and metastasis of breast cancer. The genomic landscape analysis revealed that *TP53* and *PIK3CA* mutations are the most frequent genomic alterations in all subtypes of breast cancer.[@CIT0010] Currently, relatively few studies have comprehensively analyzed the genomic alterations leading to metastasis in breast cancer. Toy et al[@CIT0011] revealed that *TP53, PIK3CA,* and *GATA3* were the most frequent mutations in metastatic breast cancer. In addition, Massard et al suggested that PTEN/PI3K/AKT and FGFR/FGF signaling pathways were dysregulated. Breast cancer metastasis is an evolving process which is strongly associated with mRNA expression changes. Kimbung et al[@CIT0012] found that Claudin-2 could predict early liver metastasis in breast cancer. Moreover, expressions of *PHLPP1, UBC, ACACB, TGFB1*, and *ACTB* were positively correlated with brain metastasis.[@CIT0013] MicroRNAs (miRNAs) have also been shown to play an important role in metastasis. Zhao et al[@CIT0014] demonstrated that miR-665 promoted metastasis by targeting *NR4A3*. Therefore, extensive studies on gene expression could greatly enhance the understanding of tumor metastasis mechanisms.

In the present study, we aimed to identify the key genes and pathways involved in metastasis by multiple strategies ([Figure 1](#F0001){ref-type="fig"}). We first compared the difference in gene expression level between samples from metastatic and primary tissues. The DEGs identified were subjected to GO and KEGG enrichment analysis for each group. We then evaluated the relationship between expression of the genes enriched in GO and KEGG pathways, and survival in breast cancer. To classify the key genes and pathways, we overlapped the DEGs and KEGG pathways. Subsequently, the role of the key gene and pathways, *ERLIN2* and PI3K/AKT, in breast cancer cells were validated in vitro. Our results revealed the underlying mechanisms of metastasis of breast cancer, and showed that *ERLIN2* and PI3K/AKT signaling pathway are potential therapeutic targets for breast cancer metastasis.Figure 1Multiple strategies used in the study.

Materials and Methods {#S0002}
=====================

Microarray Data {#S0002-S2001}
---------------

R package (GEOquery) was used to download microarray data GSE46141 from the GEO database ([<https://www.ncbi.nlm.nih.gov/geo/>]{.ul}). The data were then normalized by normalizeBetweenArrays function in limma package. A total of 88 breast tumor samples were used for this analysis, comprising 11 primary tumor tissues, 5 bone metastatic tumor tissues, 16 liver metastatic tumor tissues, 17 skin metastatic tumor tissues, and 39 lymph node metastatic tissues.

Identification and Clustering of DEGs {#S0002-S2002}
-------------------------------------

RVM *t*-test was used to filter the DEGs between the metastatic tissue and primary tumor tissue due to its ability to effectively raise the degrees of freedom in small microarray data samples. We selected the differentially expressed genes according to the *p*-value threshold and fold change. Differences with *p* value \< 0.05 and fold change \> 1.5 were considered significant. Hierarchical clustering was performed by EPCLUST.[@CIT0015]

GO and KEGG Enrichment Analysis {#S0002-S2003}
-------------------------------

GO enrichment analysis was used to evaluate the biological function of DEGs, while KEGG pathway analysis was used to investigate the pathways that DEGs are involved in. GO and KEGG pathway analysis was performed online on DAVID ([<https://david.ncifcrf.gov/>]{.ul}). Categories with FDR \< 0.05 were considered as significant GO terms and KEGG pathways.

Cell Culture {#S0002-S2004}
------------

Human breast cancer cell lines MCF-7 (\#SCSP-531) and MDA-MB231 (\#TCHu227) were purchased from the Chinese Academy of Sciences Cell Repertoire (Shanghai, China). The MCF-7 cells were maintained in MEM medium (Invitrogen Corporation, Carlsbad, CA, USA, \#11090081) with 10% fetal bovine serum (HyClone, Logan, UT, USA, \#30068.03) and 0.01 mg/mL human recombinant insulin (YEASEN, Shanghai, China, \#40112ES8). The MDA-MB231 cells were maintained in L-15 complete medium (GIBCO, Grand Island, NY, USA, \#41300039) with 10% fetal bovine serum (HyClone, Logan, UT, USA, \#30068.03). Additionally, 100 U/L of penicillin, and 100 μg/mL streptomycin (Thermo Fisher Scientific, Massachusetts, USA, \#15070063) were added into the media. The cells were then cultured in an incubator with 5% CO~2~ at 37°C.

Real-Time RT-PCR {#S0002-S2005}
----------------

Total RNA was extracted from MCF-7 and MDA-MB231 cells using Trizol (Invitrogen, Carlsbad, CA, USA, \#15596018), according to the manufacturer's protocol. The RNA concentration and purity were detected using NanoDrop 2000 (Thermo Scientific, Waltham, MA, USA). One micro gram of total RNA was reverse-transcribed to cDNA using Prime Script RT reagent kit (TaKaRa, Tokyo, Japan, \#RR037A). Real-time quantitative PCR was performed using Agilent Mx3005P (Santa Clara, CA, USA). All primers were purchased from Sangon Biotech (Shanghai, China) and are listed in [[Supplementary Table 1](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the control, and 2^−ΔΔCt^ method used to calculate the relative gene expression level. Each experiment was independently performed in triplicates.

Invasion and Migration Assay {#S0002-S2006}
----------------------------

To perform the cell invasion and migration assay, 2 × 10^5^ cells were suspended in 200μL serum-free RPMI-1640 and added to the upper chamber of an 8-um pore transwell (Corning, New York, USA, \#3422) with (invasion assay) or without (migration assay) Matrigel coating (Corning, New York, USA, \#354234), while 600μL MEM or L-15 medium containing 10% FBS was added to the lower chamber as a chemoattractant. After incubation for 48 hrs at 37°C, the upper cells were gently wiped by a cotton swab, the other cells were fixed with 4% paraformaldehyde for 30 min and stained with 1% crystal violet for 15 min. Finally, cells attached to the filter were counted by inverted microscopy.

Wound Healing Assay {#S0002-S2007}
-------------------

To perform the cell wound healing assay, 2 × 10^5^ MCF-7 or MDA-MB231 cells were seeded on 12-well plates and grown to full confluence in a complete medium. The monolayer of cells was scratched by a 10μL pipette tip and then washed thrice with PBS to remove the detached cells, 1 mL serum-free MEM or L-15 medium was added. After incubation for 24 hrs at 37°C, the wounded areas were imaged by inverted microscopy. All experiments were independently repeated thrice.

RNA Interference {#S0002-S2008}
----------------

To perform RNA interference, the siARNT2 and negative control constructs were designed and purchased from Gene Pharma Company (Shanghai, China). The siRNAs sequences are listed in the [[Supplementary Table 2](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}. All siRNAs were diluted in diethyl pyrocarbonate water to a final concentration of 20μM according to the manufacturer's protocol. MCF-7 and MDA-MB231 cells were incubated on six-well plates at a density of 6 × 10^5^ cells/well. The cells were then transfected with siRNAs or negative control once they reached approximately 60% confluence, using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA, \#L3000001). After 48 hrs, the cells were collected for further analysis. All experiments were independently repeated thrice.

Flow Cytometry for Apoptosis Analysis {#S0002-S2009}
-------------------------------------

After transfection with siRNAs or negative control, the cells were harvested and washed with PBS. Cell apoptosis was detected by TACS Annexin V-FITC Apoptosis Detection Kit (R&D Systems, Minneapolis, USA, \#4830-01-k) according to the manufacturer's protocol. Briefly, the cells were re-suspended in Annexin-V-binding buffer at a concentration of 10^6^ cells/mL and then 100μL of cell suspension was transferred to a 1.5 mL centrifuge tube and incubated with 5μL Annexin-V (FITC) for 15 min in the dark. After incubation, the samples were treated with propidium iodide (5μL) and immediately analyzed with flow cytometry (BD, San Diego, CA, USA, FACSCanto II).

Western Blotting {#S0002-S2010}
----------------

After washing the cells with cold PBS, 100μL RIPA (Solarbio, China, \#R0010) lysate containing protease and phosphatase inhibitors, was added into the plates, and lysed on ice for 10 min. The mixture was transferred to a new 1.5 mL EP tube, denatured at 100°C, 300 rpm metal bathed for 10 min and then used for Western blot assay. A total of 20 μg (20 μL volume) protein was added to the gel, and electrophoresis performed at step 1: 80 v, 30 min, step 2: 100 v, 60 min. The proteins were then transferred to polyvinylidene fluoride membrane (PVDF) for 90 min. Ponceau S staining was carried out to confirm the success of electrotransfer. The PVDF membrane was blocked with 5% skimmed milk in TBST for 1 hr. The membrane was cut according to the molecular weight of the protein and placed into the primary antibody, dissolved in 5% bovine serum albumin (BSA). The primary antibodies were anti-β-actin (1:1000 dilution; Cell Signaling Technology, MA, USA, \#3700S), anti-total PI3K (1:1000 dilution; Cell Signaling Technology, MA, USA, \#4249), and anti p-PI3K (1:1000 dilution; Cell Signaling Technology, MA, USA, \#4228). After they were incubated overnight at 4°C in a shaker, the membrane was washed 3 times with TBST for 5 min and then treated with secondary antibody in BSA for 1 hr at room temperature. The membrane was exposed to highly sensitive ECL luminescent liquid and imaged using the Bio-Rad ChemiDoc™ XRS+ System.

Statistical Analysis {#S0002-S2011}
--------------------

Data were analyzed with GraphPad Prism7.00 (version 5.0; San Diego, CA, USA) and the results were presented as mean ± SEM. The two-tailed unpaired *t*-test was used to compare differences in key gene expression, proliferation rates and apoptosis ratios between experimental and control groups. The results were presented as histograms with error bars. Each experiment was performed with at least three biological replicates and *p* \< 0.05 was considered statistically significant.

Results {#S0003}
=======

Identification of DEGs Between Metastatic Tumor Tissue and Primary Tumor Tissue {#S0003-S2001}
-------------------------------------------------------------------------------

The microarray data GSE46141 was downloaded from GEO database. The dataset consisted of 88 samples, of which 11 were primary tumor tissues, five were bone metastatic tissues, 16 were liver metastatic tissues, 17 were skin metastatic tissues and 39 were lymph node metastatic tissues. First, we identified the DEGs between the metastatic and primary tumor tissues. The detail information of the top 10 DEGs are listed in [[Supplementary Tables 3](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}--[[5](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul} for each group. Subsequently, we performed cluster analysis of DEGs using EPCLUST, and the findings showed differences in gene expression between metastatic tumor tissue and primary tissue, except for the lymph node metastasis group ([Figure 2A](#F0002){ref-type="fig"}--[C](#F0002){ref-type="fig"}, [[Supplementary Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}). We therefore excluded this group in the subsequent analysis to enhance accuracy of the analysis.Figure 2Clustering analysis of DEGs in three groups. (**A**) Bone metastatic group. (**B**) Liver metastatic group. (**C**) Skin metastatic group.

GO Enrichment Analysis for the DEGs {#S0003-S2002}
-----------------------------------

To explore the function of DEGs in tumor metastasis, we performed GO enrichment analysis for each group. The results revealed that 486 GO terms were significantly enriched in bone metastasis group, of which 224 were upregulated and 262 downregulated. A total of 1068 GO terms were significantly enriched in liver metastasis group, of which 559 were unregulated and 509 downregulated. A total of 670 GO terms were significantly enriched in skin metastasis group, of which 357 were upregulated and 313 downregulated. The top 20 GO terms are shown in [Figure 3A](#F0003){ref-type="fig"}--[F](#F0003){ref-type="fig"}. We observed that GO terms related to transcription, lipid transport, and cell adhesion were mainly enriched in bone, skin, and liver. However, most GO terms differed among three groups, indicating that the biological function of tumor cells is altered according to the specific microenvironment.Figure 3Top 20 GO enrichment analysis in three groups. (**A** and **B**) Upregulated and downregulated GO terms in the bone metastatic group. (**C** and **D**) Upregulated and downregulated GO terms in the liver metastatic group. (**E** and **F**) Upregulated and downregulated GO terms in the skin metastatic group.

KEGG Enrichment Analysis of DEGs {#S0003-S2003}
--------------------------------

To identify the signaling pathways altered during metastasis, we performed KEGG pathway enrichment analysis of DEGs. We found that 56 signaling pathways were abnormally activated in the bone metastatic group, of which 40 were upregulated and 16 downregulated. A total of 139 KEGG pathways were enriched in the liver metastatic group, of which 88 were upregulated and 51 downregulated. A total of 105 KEGG pathways were enriched in skin metastatic group, of which 56 were upregulated and 49 downregulated. The top 20 signaling pathways for each group are shown in [Figure 4A](#F0004){ref-type="fig"}--[F](#F0004){ref-type="fig"}. There was significant differential activation of signaling pathways among the three groups, suggesting the organ specificity in cancer metastasis.Figure 4Top 20 KEGG enrichment analysis in three groups. (**A** and **B**) Upregulated and downregulated KEGG pathways in the bone metastatic group. (**C** and **D**) Upregulated and downregulated of KEGG pathways in the liver metastatic group. (**E** and **F**) Upregulated and downregulated of KEGG pathways in the skin metastatic group.

Screening for Genes with Prognostic Value in Breast Cancer {#S0003-S2004}
----------------------------------------------------------

To screen for genes correlated with the survival of breast cancer patients, we selected genes that were enriched in GO and KEGG pathways. A total of 172 genes were subjected to Kaplan-Meier analysis. We identified six genes to be correlated with the survival, of which high expression of collagen type IV alpha 6 chain (*COL4A6*), laminin subunit beta 3(*LMB3*), phospholipase A2 group IVA (*PLA2G4A*), and tyrosine aminotransferase (*TAT*) negatively correlated with survival. However, expression of arachidonate 15-lipoxygenase (*ALOX15*) and methylthioadenosine phosphorylase (*MTAP*) were positively correlated with survival ([Figure 5A](#F0005){ref-type="fig"}--[F](#F0005){ref-type="fig"}). We also found that the role of these genes in tumor metastasis are not well understood, and should be explored further.Figure 5Kaplan-Meier analysis of relationship between expression of genes enriched in GO and KEGG pathways and survival in breast cancer in TCGA database. (**A**) The correlation of expression level of ALOX15 and survival. (**B**) The correlation of expression level of COL4A6 and survival. (**C**) The correlation of expression of LAMB3and survival. (**D**) The correlation of expression level of MTAP and survival. (**E**) The correlation of expression of level PLA2G4A and survival. (**F**) The correlation of expression level of TAT and survival.

Identification of the Key Genes and Pathways Associated with Metastasis {#S0003-S2005}
-----------------------------------------------------------------------

To identify the key genes and pathways involved in metastasis, we overlapped the DEGs and KEGG pathways of the three groups. We observed that seven genes, including small nuclear ribonucleoprotein polypeptide N(*SNRPN*), aryl hydrocarbon receptor nuclear translocator 2 (*ARNT2*), hepatoma-derived growth factor, related protein 3 (*HDGFRP3*), endoplasmic reticulum oxidoreductase 1 beta (*ERO1LB*), ER lipid raft associated 2 (*ERLIN2)*, Y-Box binding protein 2(*YBX2*) and EBF family member 4 (*EBF4*), had significant change of expression in different metastatic sites compared to primary tissue. These genes were then subjected to further analysis ([[Supplementary Figure 2](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}). The details of these genes are presented in [Table 1](#T0001){ref-type="table"}. In addition, seven signaling pathways were aberrantly activated or inhibited in the metastatic tumor tissue, including metabolic pathways, phagosome pathway, phosphotylinosital 3 kinase/serine threonine protein kinase (PI3K-AKT) signaling pathway, focal adhesion, ECM-receptor interaction, pancreatic secretion, and human papillomavirus infection. The details are presented in [Table 2](#T0002){ref-type="table"}. However, we did not identify any signaling pathway that was consistent in activation or inhibition within the three groups.Table 1The Detail Information of Key Genes Overlapped in the Three GroupsGene SymbolFold ChangeFunctionBone Metastasis/PrimaryLiver Metastasis/PrimaryLiver Metastasis/PrimarySNRPN2.602.842.33Involved in mRNA SplicingARNT26.175.333.01Regulation of lipid metabolismERLIN2−3.91−2.70−2.23Involved in FGFR1 mutant receptor activationHDGFRP32.462.142.06Involved in mitogenic activityYBX2−3.372.912.81Involved in nucleic acid binding and lipid bindingERO1LB1.712.832.09Involved in peptide hormone metabolismEBF42.112.812.30Involved in transcription factor binding Table 2The Detail Information of Key Pathways Overlapped in the Three GroupsKEGG PathwaysPath-IDStatusBone Metastasis/PrimaryLiver Metastasis/PrimaryLiver Metastasis/PrimaryMetabolic pathways01100UpUp/DownUp/DownPhagosome04145UpDownDownPI3K-Akt signaling pathway04151DownDownUpFocal adhesion04510UpDownUpECM-receptor interaction04512DownDownUpPancreatic secretion04972UpUpUpHuman papillomavirus infection05165UpDownUp

Validation of the Key Genes and Pathways in Breast Cancer Cells {#S0003-S2006}
---------------------------------------------------------------

To validate the function of the key genes and pathways in breast cancer, we analyzed the expression of the seven genes by RT-PCR in MCF-7 and MDA-MB231 cells. We found that *ERLIN2* was highly expressed in MDA-MB231 tumor cells than MCF-7 cells ([Figure 6A](#F0006){ref-type="fig"}). By analyzing the RNA seq data in the TCGA database, we observed that *ERLIN2* was negatively correlated with survival ([Figure 6B](#F0006){ref-type="fig"}), but they have different expression in subtypes of primary breast cancer ([[Supplementary Figure 3](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}). To further explore the role of *ERLIN2* in the tumor cells, we knocked down *ERLIN2* in the two cell lines, and the knockdown efficiency was confirmed by RT-PCR ([Figure 6C](#F0006){ref-type="fig"}). *ERLIN2* knockdown inhibited the proliferation and increased the apoptosis of tumor cells ([Figure 6D](#F0006){ref-type="fig"}--[G](#F0006){ref-type="fig"}). The invasion, transwell assay, and wound healing assay revealed that *ERLIN2* knockdown decreased the ability of cancer cells to invasion ([Figure 6H](#F0006){ref-type="fig"}--[K](#F0006){ref-type="fig"}, [[Supplementary Figure 4](https://www.dovepress.com/get_supplementary_file.php?f=226770.docx)]{.ul}). These results suggest that *ERLIN2* regulates the malignancy of tumors. In addition, the above results revealed that the PI3K/AKT signaling pathway plays an important role in metastasis. Therefore, we performed further tests to determine the expression of PI3K and phosphorylated PI3K (p-PI3K) in MCF-7 and MDA-MB231 cells. We observed that expression level of p-PI3K was higher in MDA-MB231 cells ([Figure 6L](#F0006){ref-type="fig"}), an indication that PI3K signaling could promote the metastasis of tumor cells. These results suggest that targeting *ERLIN2* or inhibiting PI3K/AKT signaling could prevent breast cancer from metastasizing.Figure 6Validation of key genes and pathways in breast cancer. (**A**) Expression level of key genes in MCF-7and MDB-MA231 cancer cells. (**B**) The correlation of expression level of ERLIN2 and survival. (**C**) Validation of knockdown efficiency by RT-PCR. (**D** and **E**) The proliferation of MCF-7 and MDA-MB231 cells after transfected with Si-ERLIN2 or control. (**F**) The apoptosis of MCF-7 and MDA-MB231 cells after transfected with Si-ERLIN2 or control analyzed by flow cytometry. (**G**) Statistical analysis of the rate of apoptosis cells after transfected with Si-ERLIN2 or control. (**H** and **I**) Invasion assay analysis of MCF-7 cells after transfected with Si-ERLIN2 or control. (**J** and **K**) Wound healing assay analysis of MCF-7and MDA-MB231 cells after transfected with Si-ERLIN2 or control. (**L**) Total protein expression of PI3K and p-PI3K in MCF-7 and MDA-MB231 cells analyzed by Western blot. Results are representative of three independent experiments. (\*\**P* \<0.01, \*\*\**P* \<0.001, \*\*\*\**P* \<0.0001).

Discussion {#S0004}
==========

Breast cancer is the leading cause of cancer-related deaths, and metastasis poses a major obstacle to its treatment. There are many aspects that affect the process of metastasis from the dissemination of primary tumor to the colonization in the secondary organ. The host cells that have been re-educated by the tumor cells, including vascular and lymphatic endothelial cells, fibroblasts, neuronal cells, and leukocytes, gain the function of promoting angiogenesis, therefore creating an immune barrier to meet the requirement of nutrition and survival of breast cancer cells in the process of metastasis.[@CIT0016]--[@CIT0019] The complex metastatic microenvironment composed of the tumor cells, immune cells and stromal cells, which determine the outcome of these opposing effects and the pattern of growth of the metastases, are not yet well understood. The roles of cells and signaling pathways are different in each metastatic organ, thus, targeting specific cells or signaling pathways in the tumor environment is extremely challenging.[@CIT0020] It has however been reported that the balance between the activity of the mitogen-activated protein kinases (MAPK) ERK1/2 and p38, influences the proliferation status of cancer cells. Activation of ERK1/2 promotes the proliferation of cancer cells, while activation of p38 leads to quiescence of cells involved in metastasis.[@CIT0021],[@CIT0022] Harper et al proved that Her2 expression and p38 downregulation led to early dissemination of breast cancer cells to the lungs and bones, and also promoted the formation of metastatic lesions. Besides, the high expression of PI3K/AKT signaling pathway in MDA-MB231 cells is essential for the outgrowth of bone metastasis.[@CIT0023] A well-studied metastatic factor is the breast cancer metastasis suppressor 1 (BRMS-1) and CXCL12 (SDF-1)/CXCR4 chemo-axis. Overexpression of BRMS-1inhibits the MDA-MB231 metastasis and blocks the outgrowth of cancer cells by inducing apoptosis,[@CIT0024],[@CIT0025] while overexpression of CXCR4 in cancer cells is essential for the metastasis of bone marrow.[@CIT0026] Although the current research provides a better understanding of the metastasis of breast cancer, further research is still needed to explore the key genes and mechanisms involved in metastasis.

In this study, we analyzed the gene expression data from GEO database to identify the key genes and pathways that regulate metastasis of breast cancer. We used 49 samples in this study and observed a significant difference in the gene expression between the metastatic tissues and primary tissues from different metastatic organs. The difference was highest between liver metastatic tumor tissue and the primary tumor, which had 1028 DEGs. Liver is a common site of metastasis, mainly because of its abundant blood supply, as well as the abundant stromal matrix, which promotes tumor colonization and growth.[@CIT0020] Therefore, the interaction between tumor cells and stroma in the liver could alter the biological behavior of the tumor cells. We also observed different enriched GO and KEGG pathways in the three groups. We found that TGF-β signaling was activated in bone metastatic tissue. However, PPAR signaling was inactivated, while other genes involved in Wnt signaling pathway were downregulated, in bone metastatic tissue. These results were consistent with the findings of Sadanandam et al Our results were also consistent with the findings of Vesuna et.al, who reported that PPAR signaling and Wnt signaling were inactive in lung metastatic tissue.[@CIT0027],[@CIT0028] We also observed that the signaling patterns differed in different metastatic tissues. For instance, Phagosome and PI3K/AKT signaling were downregulated in bone and liver metastatic tissue, but upregulated in skin metastatic tissue, an indication that the alteration of biological function and pathways in tumor cells depends on the microenvironment of the metastatic organ. These results, apart from providing a potential target for tumor metastasis treatment, suggest that the strategies of targeting metastasis should consider organ specificity. However, these results should be further validated in in vitro or in vivo experiments.

To identify the key genes and pathways that regulate metastasis, we overlapped the DEGs and KEGG pathways of the three groups. Seven genes were identified as the key genes, of which *ERLIN2* recorded the highest difference between the two cell lines. *ERLIN2* is a member of the 8p11-12 region and encodes for SPFH domain-containing proteins. The encoded protein is localized to lipid rafts in the endoplasmic reticulum (ER) and plays a critical role in inositol 1,4,5-trisphosphate (IP3) signaling, by mediating ER-associated degradation of activated IP3 receptors, and is considered an oncogene in breast cancer and pancreatic ductal adenocarcinoma.[@CIT0029],[@CIT0030] However, the function of *ERLIN2* in tumor metastasis remains unclear. A recent study reported that overexpression of *ERLIN2* promoted the survival of breast cancer cells by modulating endoplasmic reticulum stress pathways, and could be targeted by miR-410.[@CIT0031],[@CIT0032] In agreement with the study, our results revealed that the knockdown of *ERLIN2* increased the apoptosis of MCF-7 and MDA-MB231 cells. *ERLIN2* had a high expression in highly metastatic cells, however, its knockdown inhibited the ability of tumor cells to migrate. In the TCGA database, we discovered that the expression of *ERLIN2* negatively associated with cancer survival. While, we also found that RRLIN2 downregulated in tumor tissue than normal and had lowest expression in triple-negative breast cancer. These results indicate that the high expression of ERLIN2 is to response to the new survival pressure at the metastatic site and overexpression of *ERLIN2* may break the dormancy of tumor cells and could be responsible for the outgrowth of breast cancer in the metastatic site, indicating that *ERLIN2* could serve as a metastatic gene in breast cancer. It is still unclear why he expresses the lowest in the more malignant subtypes. Since *ERLIN2* is also expressed in normal tissue sites, unintended toxicity to normal organs should be considered when targeting *ERLIN2*. Moreover, the functions of other key genes, such as *SNRPN, EBF4,* and genes correlated with survival in metastasis of tumor are poorly understood and should be investigated further.

Among the key pathways, the metabolic pathways were the most altered in the three groups. Metabolism is the process of converting nutrients into small metabolites. In tumor environment, however, immune cells experience metabolic stress caused by tumor cells, leading to impaired antitumor immune response.[@CIT0033] Accumulating evidence has shown that metabolic reprogramming is essential for the invasion of tumor cells.[@CIT0034] The hexokinase (HK) 2 and pyruvate kinase (PK) M2 were found to be correlated with the invasive capacity of various tumor types.[@CIT0035],[@CIT0036] Lactate promotes breast cancer progression by promoting the chemo-attraction.[@CIT0037] It also has also been shown that the metabolism in secondary tumor sites differs from the primary tumor. Christen et al revealed that tumor tissue from lung metastatic site thrives in pyruvate carboxylase-dependent refilling of the TCA cycle due to the enrichment of pyruvate in the lung. In this study, we identified various metabolic alterations in primary and metastatic tumors, this could be attributed to the nutrient composition in the secondary tumor sites. The glutamate metabolism gene (*GLS2)* was upregulated in liver metastasis. Previous studies have demonstrated that blocking glutamate metabolism can inhibit tumor growth, though most patients cannot tolerate the effects of this treatment.[@CIT0038],[@CIT0039] Recently, a modified glutamate antagonist that can blockade glutamate in tumor microenvironment, and enhance immune response has been reported.[@CIT0040] These results indicate that blocking glutamate can inhibit tumor growth and may also reduce liver metastasis in breast cancer. Moreover, we also identified several genes involved in fatty acid metabolism that were dysregulated in tumor metastatic tissue, e.g., *ACACA, ACADXB, ACAOX1*. Tumor cells often have increased fatty acid synthesis for the generation of plasma membrane and soluble molecules to form tumor microenvironment. However, fatty acid is also important for immune cells. Most pharmacological inhibitors of fatty acid metabolism have been developed to treat autoimmunity in the context of autoimmune diseases including systemic lupus erythematosus, and graft-versus-host disease; however, the anti-tumor effect of blocking fatty acid metabolism needs further evaluation.[@CIT0041],[@CIT0042] Metabolic changes that support the invasion of tumor cells usually activate the signaling pathways. It has been shown that increased levels of lactate activates the nuclear factor kappaB (NF-kB) signaling to secrete matrix metallopeptidase 9 (MMP9), for the degradation of extracellular matrix and thus promoting the invasion of tumor cells.[@CIT0043] This also suggests that the alteration of signaling pathways observed in our study may be partly due to metabolic changes. The PI3K/AKT signaling pathway is the most hyperactive intracellular signaling in most cancers. Extensive studies have shown that PI3K/AKT regulates the survival, angiogenesis, chemoresistance, and metastasis in tumor cells.[@CIT0044] The known PI3K--Akt activation mechanisms in cancers are those triggered by receptor tyrosine kinases (RTKs) and somatic mutations. Besides, the activation of PI3K signaling is linked to failure of cancer treatment. We also found the PI3K/AKT signaling was aberrantly activated in the three metastatic tissues. It was downregulated in the bone and liver metastatic tissue, while in the skin metastatic tissue it was upregulated, an indication that the PI3K/AKT inhibitor could benefit patients with skin metastasis. Although previous studies have shown that decreased stimulation of PTEN signaling causes PI3K/AKT activation, we did not observe any alteration of PTEN signaling in tumor metastatic tissues. Therefore, this could be attributed to the response of tumor cells to the microenvironment of secondary organs and metabolic changes. In the in vitro experiments, we also found that the PI3K/AKT signaling was highly expressed in MDA-MB231 cells, which had a high migration capacity, and partially confirmed results reported by Nobre et al that PI3K/AKT are responsible for the survival of metastatic tumor cells. A recent study also showed that PI3K/AKT signaling promotes metastasis of ovarian cancer and hepatocellular carcinoma, suggesting that inhibition of PI3K/AKT signaling could reduce tumor metastasis.[@CIT0045],[@CIT0046] This study had the following limitations. First, we did not consider the lung and brain metastasis, and this could have led to loss of important information. Second, we did not conduct in vivo experiments to validate these results.

Conclusions {#S0005}
===========

In conclusion, this study provides deeper insights into the metastasis of breast cancer to different secondary organs and reveals the key genes and pathways that contribute to metastasis. From the in vitro experiments, we present that knockdown of *ERLIN2* increases apoptosis and inhibit the proliferation and the migration ability of tumor cells. Moreover, the PI3K/AKT signaling is highly expressed in metastatic tumor cells, indicating that *ERLIN2* and PI3K/AKT signaling pathway could serve as therapeutic targets for the metastasis of breast cancer.
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